Abstract. Precision measurements of CP violating observables in the mixing and decay of B mesons provide excellent opportunities to search for possible contributions from New Physics beyond the Standard Model. In these proceedings, key measurements pursued by the LHCb collaboration at CERN's Large Hadron Collider (LHC) are described. Results obtained from the analysis of data collected in 2011 already match or even surpass the measurements of previous experiments in their precision. All results obtained so far are compatible with Standard Model predictions, hints for possible deviations reported by previous experiments are not confirmed. All results are dominated by statistical uncertainties and significant improvements are expected from analysing larger data sets. The total integrated luminosity accumulated by LHCb has already been tripled in 2012 and is expected to more than double again in the data taking period following the first long shutdown of the LHC. A comprehensive upgrade of the LHCb apparatus is then foreseen for the second long shutdown of the LHC accelerator in 2018/2019. The main goals of the LHCb upgrade are to operate the experiment at higher instantaneous luminosities and to improve further the trigger efficiency for heavy quark decays to purely hadronic final states.
Introduction
The main goal of the LHCb experiment [1] at CERN's Large Hadron Collider (LHC) is the search for possible contributions from physics beyond the Standard Model ("New Physics") by performing precision measurements of CP violating observables and rare decays of hadrons containing a b quark or a c quark. The LHCb detector and its performance in the first LHC runs, as well as key measurements of rare b and c decays, are described in another contribution to these proceedings [2] . Here, we will concentrate on measurements of CP violating observables. Unless mentioned otherwise, the measurements have been performed using the full 2011 data set, corresponding to an integrated luminosity of 1.0 fb −1 of pp collisions collected at a centre of mass energy of 7 TeV.
The only source of CP violation in the Standard Model of particle physics is a single complex phase in the Cabbibo-Kobayashi-Maskawa (CKM) matrix [3, 4] , which parametrises the mixing between the quark families in charged current interactions. For the case of three quark families, the CKM matrix is fully described by four independent real parameters, namely three rotation angles and one complex phase. A non-zero value of this complex phase can induce CP violating asymmetries in processes in which two or more amplitudes with different weak phases interfere. Often, one of the interfering amplitudes involves loop diagrams with internal quark lines, such as box or penguin diagrams. Heavy new particles, which are predicted by most New Physics models, can then appear in the internal lines of these loop diagrams and modify the observed asymmetries with respect to Standard Model predictions. Precision measurements of these asymmetries therefore test the Standard Model and can reveal the presence of New Physics. Since these measurements probe the effect of virtual particles in internal loop diagrams, their sensitivity extends to much higher mass scales than direct searches for new particles, which are limited to the centre of mass energy of the accelerator at which the measurement is performed. Moreover, the pattern of observed deviations from Standard Model predictions can hint at the underlying dynamics of the New Physics at play. The B meson systems (B ± , B 0 /B 0 and B 0 s /B 0 s ) give rise to a rich phenomenology with a wide range of observables for which precise Standard Model predictions are available. Particularly high sensitivity to possible contributions from New Physics can be achieved in processes where the predicted asymmetry in the Standard Model is small.
The CKM picture gives rise to three mechanisms that can lead to CP violating asymmetries:
CP violation in mixing in the B 0 B 0 and B 0 s B 0 s systems is caused by the interference of box diagrams with different internal quark lines. The mixing phase in the B 0 s B 0 s system is predicted with good precision to be close to zero in the Standard Model and is therefore particularly sensitive to possible contributions from New Physics. CP violation in decay is caused by the interference of decay diagrams with different weak phase and different strong phase leading to the same final state. This is the only possible source of CP violation for charged B mesons. In general, the poorly known strong phases limit the precision with which the weak phase can be extracted from the measured asymmetry. There are, however, cases in which the weak phase can be cleanly extracted using a combination of several related decay modes and exploiting symmetries of the strong interaction between these modes. CP violation in the interference of mixing and decay of B 0 or B 0 s mesons to a final state that is accessible to both the B 0 (s) meson and its antiparticle is caused by the interference of the direct decay amplitude of a B 0 (s) meson to the given final state and the process where the B 0 (s) meson first mixes to a B 0 (s) , which then decays to the same final state. A prominent example is the "golden" decay mode B 0 → J/ψK 0 S , which allowed the precise measurement of the mixing phase sin 2β in the B 0 B 0 system by the B factories BaBar [5] and Belle [6] .
In the following, we will encounter examples of all three types of CP violation.
Semileptonic Asymmetry
Second-order weak transitions (box diagrams) induce particle-antiparticle mixing in the
The time evolution of the coupled particle-antiparticle system can be described by an effective 2 × 2 Schrödinger equation of the form In the Standard Model, the phase φ M in the B 0 s B 0 s system is small and the semileptonic asymmetry is predicted to be a s sl = (1.9 ± 0.3) × 10 −5 [7] . The corresponding asymmetry in the B 0 B 0 system is predicted to be a d sl = (4.1 ± 0.6) × 10 −4 [7] . Measurements of a d sl reported by the B factories [8, 9, 10] and by D0 [11] agree with the Standard Model prediction. The D0 collaboration, however, also reported a measurement of the asymmetry in the rate of like-sign muon pairs, A µµ ≈ 0.6 · a d sl + 0.4 · a s sl , which yielded an anomalously large value [12] . LHCb has reported a preliminary measurement of a s sl [13] using the decay B 0
No flavour tagging was employed to determine the initial flavour of the B 0 s meson at its production. The measured raw asymmetry is then
where a p is the B 0 s − B 0 s production asymmetry and
is a dilution factor due to B 0 s − B 0 s oscillation, with (t) describing the reconstruction efficiency as a function of the decay time. The large oscillation frequency leads to a very small value of κ in the B 0 s B 0 s system, with κ ≈ 2 × 10 −3 for the LHCb decay time acceptance. Therefore, even a production asymmetry a p of a few percent would be washed out to a negigible level compared to the current statistical precision of the measurement.
Candidates were selected using a trigger that first required a muon with significant transverse momentum, followed by two inclusive selections that made use either of the topology of a displaced decay vertex or the kinematic reconstruction of φ → K + K − decays. To minimize and control potential detector asymmetries, the polarity of the LHCb dipole magnet was reversed several times throughout the data taking period. The complete analysis was performed separately for these two subsets of the data and the two results were then averaged to obtain the final result. Detection asymmetries largely cancel due to this averaging. Residual detection asymmetries were estimated from data, using dedicated control samples. Combinatorial background was subtracted statistically by fitting the K + K − π + invariant mass distributions as shown in Fig. 1 for candidates collected with one of the two magnet polarities. Other backgrounds are small and accounted for as part of the systematic uncertainties. The measured asymmetry is a s sl = (0.24 ± 0.54(stat) ± 0.33(syst)) × 10 −2 and agrees with the Standard Model prediction. The precision of the measurement is limited by the statistical uncertainty. The systematic uncertainty is dominated by the statistical uncertainty on the determination of efficiency ratios and can be expected to decrease with larger control samples.
CP violation in B 0
s → J/ψφ and B 0 s → J/ψπ + π − The final state J/ψφ is accessible to both B 0 s and B 0 s . As illustrated in Fig. 2 , the interference between the decay amplitudes and the B 0 s − B 0 s mixing amplitude can give rise to a CP violating phase
where φ M is the B 0 s − B 0 s mixing phase discussed in the previous section and φ D is the weak decay phase. In the Standard Model, φ D is very small, resulting in a precise prediction of φ s = 0.036 ± 0.002 rad [15] . A measurement of φ s is interesting since it is very sensitive to possible contributions from New Physics in B 0 s − B 0 s mixing. The experimental determination of φ s proceeds through the measurement of the timedependent CP asymmetry
, where B 0 s and B 0 s depict the flavour of the B meson at production, η f is the CP eigenvalue of the final state, and ∆m s and ∆Γ s are the mass and lifetime differences between the heavy and light mass eigenstates in the B 0 s B 0 s system as introduced in the previous section. Reconstructing the two intermediate resonances in their decays J/ψ → µ + µ − and φ → K + K − provides for a clear trigger signature and clean event samples. Several factors, however, make this a challenging measurement:
• The flavour of the B meson at production has to be derived using information from the remainder of the event. This flavour tagging is not perfect and the associated mis-tag fraction dilutes the oscillation amplitude. Moreover, the dilution factor has to be known precisely in order to extract φ s .
• An excellent decay time resolution is required to resolve the rapid B 0 s − B 0 s oscillation. The finite decay time resolution leads to another dilution of the oscillation amplitude and has therefore to be known precisely in order to extract φ s .
• B 0 s → J/ψφ being a decay of a pseudoscalar to two vector mesons, the two final state particles can be produced with a relative angular momentum of L = 0, 1 or 2. The final state is not a CP eigenstate, L = 1 being CP odd while L = 0 and 2 are CP even. A time-dependent angular analysis of the four final state particles can statistically separate the CP odd and CP even contributions but requires large statistics. Fig. 3 for a legend.
• The value of ∆Γ s has not been precisely measured previously and has to be determined simultaneously with φ s .
Early measurements of φ s performed by CDF and D0 [16, 17] indicated a possible tension with the Standard Model prediction. This tension, however, decreased and then disappeared when larger data samples were analysed [18, 19] . LHCb has performed a preliminary measurement of φ s and ∆Γ s using an event sample of about 21 000 B 0 s → J/ψφ candidates extracted from the full 2011 data set [20] 1 . The J/ψK + K − invariant mass spectrum is shown in Fig. 3 .
A combination of opposite side tagging (OST) algorithms, described in Ref. [22] , was employed to derive the initial flavour of the B meson. The OST exploits the fact that b quarks are mostly produced in quark-antiquark pairs. Flavour specific signatures from the decay of the other b hadron in the event are used to tag its flavour and it is then assumed that the flavour of the signal B meson is opposite to that of the tagging b hadron. The tagging algorithm returns a tagging decision as well as a mis-tag probability for each event, which is used to assign weights to signal events in the fit for φ s . The event-by-event mis-tag probability was calibrated using a large sample of B ± → J/ψK ± decays for which the true flavour of the signal B meson is known from the charge of the final state kaon. A global, linear calibration of the mis-tag probability is included in the fit for φ s in order to absorb possible small differences between the tagging performances in B 0 s → J/ψφ and in the calibration channel. The decay time resolution was estimated event by event, using error propagation from the reconstructed momentum and decay length uncertainties. An overall calibration factor was then applied, which was determined from data using a large sample of prompt combinatorial 1 While completing these proceedings, the measurement has been submitted for publication, see Ref. [21] . background events formed by a true J/ψ → µ + µ − and two random kaon candidates. The effective average decay time resolution was found to be 45 fs and is therefore of the same order of magnitude as the B 0 s −B 0 s oscillation period of ≈ 56 fs. In the fit for φ s , only events with decay time larger than 0.3 fs were considered. This cut significantly reduces combinatorial background and hardly reduces the statistical sensitivity to φ s .
The time-dependent angular fit was performed in the transversity basis of the J/ψφ system as defined in Ref. [23] . The full fit function is defined in Ref. [24] . Fig. 4 shows the angular distributions in the three transversity angles, together with the fit projections separating the CP even and CP odd components. The fit projection onto the decay time distribution is shown in Fig. 3 . The different lifetimes of the CP even and CP odd components are clearly visible, indicating a non-zero value of ∆Γ s .
The result of the fit in the (φ s ,∆Γ s ) plane is shown in Fig. 5 . It presents the most precise measurement of φ s and ∆Γ s to date and the first observation with more than five standard deviations of a non-zero value of ∆Γ s . The result is in good agreement with the Standard Model prediction. The fit function is invariant under a simultaneous variable transformation (φ s , ∆Γ s , δ , δ ⊥ ) ↔ (π − φ s , −∆Γ s , 2π − δ , −δ ⊥ ), where δ and δ ⊥ are the strong phases of two of the transversity amplitudes of the J/ψφ system. This ambiguity was resolved in an LHCb analysis using about 1/3 of the 2011 data set, in which the evolution of the strong phases was studied as a function of the K + K − invariant mass around the φ resonance [25] . As shown in Fig. 4 , the angular fit to the B 0 s → J/ψφ sample reveals a small but not negligible S wave component, for which the K + K − system is not produced via the φ resonance. The strong phase δ S for this S wave component is expected to vary only slowly across the φ resonance, whereas the strong phases of the resonant φ → K + K − components are expected to go through a rapid positive phase shift at the location of the resonance. Fig. 5 shows for each of the two ambiguous solutions of the fit function the resulting strong phase difference δ S⊥ = δ S − δ ⊥ in four bins of the K + K − invariant mass around the φ resonance. Solution I shows the expected decreasing trend and is selected as the physical solution with a statistical significance of 4.7 standard deviations. This is the solution corresponding to a positive value of ∆Γ s and φ s close to zero, i.e. the solution which is in agreement with the Standard Model prediction.
LHCb has performed an independent measurement of φ s using the decay B 0 s → J/ψπ + π − , with 755 MeV/c 2 < m(π + π − ) <1550 MeV/c 2 [26] . A modified Dalitz plot analysis of this decay has shown that the π + π − system is produced predominantly in an S wave state and that the CP odd fraction of the J/ψπ + π − final state is larger than 97.7 % at 95 % confidence level [27] . This simplifies the fit for φ s since no angular analysis is required to separate CP odd Figure 6 . Illustration of the phases and ratios of magnitudes between the interfering amplitudes in tree decays
See the text for further explanations.
and CP even components. On the other hand, the branching fraction for this decay is smaller than that for B 0 s → J/ψφ. The analysed event sample consisted of about 7400 signal candidates. A combination of the two φ s analyses yields the preliminary result φ s = −0.002 ± 0.083(stat) ± 0.027(syst) rad. This is the most precise determination of φ s to date 2 . The precision of the measurements is limited by the statistical uncertainty. The dominant contribution to the systematic uncertainty is the assumption of no direct CP violation in the decay. The largest experimental uncertainty is due to angular acceptance corrections and can be further reduced with larger control channel samples.
4. Measurement of the CKM phase γ from B ± → DK ± and B ± → Dπ ± decays The unitarity of the CKM matrix gives rise to six orthogonality relations, which can be visualised as triangles in the complex plane. The triangle derived from multiplying the first and third columns of the CKM matrix is of particular interest since its three sides are of comparable length. Its three angles are closely related to CP violating observables and the lengths of its sides can be measured from CP conserving observables. The overconstraint determination of this Unitarity Triangle provides a powerful consistency test of the CKM picture of CP violation.
The least well determined parameter of the Unitarity Triangle is the angle γ ≡ arg (−(V ud V * ub )/(V cd V * cb )). The CKMfitter group [28] quotes γ = (66 ± 12) • from a global fit of CKM parameters, while the UTfit group quotes γ = (72.2 ± 9.2) • [29] .
A theoretically clean determination of γ can be derived from a combined measurement of time integrated decay rates for different B ± → DK ± tree decays. If the decay is observed in a final state [f ] D that is accessible to both D 0 and D 0 decays, the interference of
as illustrated in Fig. 6 , leads to a CP asymmetry that is sensitive to γ. Since the decays involve no loop diagrams, the extracted value for γ should be unaffected by possible contributions from New Physics. However, the measurements are experimentally challenging since they involve purely hadronic final states, which are difficult to trigger, and require excellent K/π separation. Moreover, branching fractions for the interesting decays are small. Several methods using different combinations of final states [f ] D have been proposed. They are usually named after the theoreticians who first proposed them.
The GLW method [30, 31] uses CP eigenstates such as D 0 → h + h − , with h denoting a kaon or pion. The experimental observables are the ratios and asymmetries of time integrated decay 2 The final result of the combined analysis, published in Ref. [21] , is φs = 0.01 ± 0.07(stat) ± 0.01(syst) rad. 
where r B and δ B are the ratio of magnitudes and the relative strong phase between the two interfering decay amplitudes, respectively. The disadvantage of this method is that the decay B − → D 0 K − is both CKM and colour suppressed with respect to the decay B − → D 0 K − , leading to a small value of r B ≈ 0.1 and limiting the sensitivity to γ. For decays B ± → Dπ ± , the CKM suppression factor is another factor 20 larger than for the case of B ± → DK ± and no sensitivity to γ is expected in these decays. The ADS method [32, 33] 
The GGSZ or Dalitz-plot method [34, 35] exploits interference patterns across the Dalitz plot of self-conjugate three-body decays D 0 → K 0 S π + π − . A rich resonance structure is observed, giving rise to large interference effects and good sensitivity to γ. However, variations of the strong phase δ D across the Dalitz plot can be large and have to be taken into account in the extraction of γ. The associated systematic uncertainties ultimately limit the achievable precision of the measurement.
All three methods are being pursued in LHCb. Invariant mass distributions for the K + K − GLW mode and the suppressed ADS modes are shown in Fig. 7 . Similar plots for the π + π − GLW modes can be found in Ref. [36] , where this analysis is described. The CP asymmetry in the B ± → DK ± GLW modes is clearly visible. Combining the two modes, the statistical significance of the asymmetry is 4.5 standard deviations. As expected, no asymmetry is seen in the B ± → Dπ ± GLW modes. Clear signals are also seen in the suppressed ADS modes and this measurement constitutes the first observation of the mode B ± → [π ± K ∓ ] D K ± , with a statistical significance of about ten standard deviations. This mode displays evidence for CP asymmetry with a statistical significance of 4.0 standard deviations. A hint of an asymmetry is also seen in the mode B ± → [π ± K ∓ ] D π ± , the statistical significance here being 2.4 standard deviations. The extracted results for the ratios R CP + and R ADS and the asymmetries A CP + and A ADS are listed in Ref. [36] . They are the world's most precise determinations of these parameters to date. All results are limited by statistical uncertainties. The leading systematic uncertainty on the ratios is due to the understanding of the π/K identification for the bachelor hadron, while systematic uncertainties on the asymmetries are dominated by uncertainties on production and 
detection efficiencies. These sources of uncertainties can be further reduced with larger control samples.
LHCb also performed a first GGSZ analysis [37] using D decays to 
where K ±i is the number of flavour tagged D decays in bin ±i and the sensitivity to γ enters through the Cartesian parameters x ± ≡ r B cos(δ B ± γ) and y ± ≡ r B sin(δ B ± γ).
The difference in B − and B + signal yields for each bin is shown in Fig. 8 as well as the result of the fit in the (x ± ,y ± ) plane. The CKM angle γ is half the angle between the two vectors joining the origin and the best fit values for (x + ,y + ) and (x − ,y − ), respectively.
A combined analysis of all considered B ± → DK ± decay modes [39] yields preliminary results of γ = (71.1
• and r B = 0.092 ± 0.008.
These results are in good agreement, and competitive, with the averages recently published by the BaBar [40] and Belle [41] collaborations.
CP violation in charmless B decays
The interference of b → u tree diagrams and b → s(d) penguin diagrams induces direct CP violation in two-body charmless B 0 (s) decays. In the Standard Model, the weak phase in these decays is equal to the CKM phase γ. Possible contributions from New Physics can enter through the loop diagrams and could be revealed by comparing the weak phase measured in these decays with the value of γ measured in B ± → DK ± decays as described in the previous section. Hadronic uncertainties can be controlled by invoking U -spin symmetry (symmetry of the strong interaction under the exchange of the d and s spectator quarks) between related B 0 and B 0 s decays [42] . These measurements require large statistics of B 0 s decays, efficient triggers for purely hadronic final states, and excellent K/π identification to separate the different final states. LHCb is the first experiment that has the potential to apply this technique. Two approaches are pursued: measurements of the time-dependent CP asymmetries in decays B 0 (s) → h + h − (h = K, π) and measurements of the time-integrated CP asymmetry in flavour-specific decays B 0 (s) → K ± π ∓ . While statistical uncertainties are currently still too large to achieve sensitivity to γ, important first steps have been taken in both approaches from analyses of parts of the 2011 data set.
In the first approach, the experimental observables are the time dependent CP asymmetries
where the sensitivity to γ enters through the direct CP violation amplitude A dir h + h − . The analysis is based on about 2/3 of the 2011 data sample [43] . Similar flavour tagging algorithms as in the measurement of φ s were used to determine the flavour of the B 0 (s) at production. Samples of flavour specific decays B 0 → K + π − were used to calibrate the estimated mis-tag probabilities. The values of ∆m d and ∆m s and the sign of ∆Γ s were fixed to previous LHCb measurements. The observed raw asymmetries as a function of the decay time are shown in Fig. 9 . They constitute the first measurement of the B 0 → π + π − asymmetry at a hadron collider and the first measurement of the B 0 s → K + K − asymmetry ever. In the second approach, the observables are the time-integrated CP asymmetries to flavourspecific final states,
The invariant mass distributions obtained from an analysis of about 1/3 of the 2011 data set [44] are shown in Fig. 10 . Non-zero raw asymmetries are clearly visible in both cases. Production and detection asymmetries are small and are corrected for using control channels. The measurements exclude the hypotheses of no CP violation with statistical significances of more than six standard deviations in the decay B 0 → K + π − and 3.2 standard deviations in the decay B 0 These results are the first observation of CP violation with more than five standard deviations at a hadron collider and the first evidence with more than three standard deviations for CP violation in the B 0 s system, respectively.
Summary and Outlook: The LHCb upgrade
The LHCb experiment has performed oustandingly well during the first three years of LHC operation. Many competitive and world-best measurements have been obtained from the analysis of the 2011 data set, corresponding to an integrated luminosity of 1.0 fb −1 of pp collisions collected at a centre of mass energy of 7 TeV. All results are dominated by statistical uncertainties and in most cases the leading systematic uncertainties can be further reduced by using larger samples of control channels. An additional 2 fb −1 of good quality data have been collected in 2012 and are being analysed. After the first long shutdown (LS1) of the LHC, the machine will resume operation at a centre of mass energy of 13 TeV. This will roughly double the heavy quark production cross sections. Assuming that the LHC will deliver about 5 fb −1 to LHCb during the run following LS1, the accumulated statistics will have increased by more than a factor ten by the time of the second long LHC shutdown (LS2), which is scheduled for 2018-2019. The LHCb collaboration is preparing a comprehensive upgrade of the detector and its readout, to be installed and commissioned during LS2. The physics case and details of the upgrade plans are described in Ref. [47] and in the Letter of Intent [48] and the Framework Technical Design Report [49] for the upgrade. The upgrade plan contains two main components: to prepare the detector for operation at a five times increased instantaneous luminosity and to read out the full detector at the LHC bunch crossing rate of 40 MHz. By overcoming the limitations of the current hardware based trigger level, the 40 MHz readout will gain a factor of two in trigger efficiencies for b hadron decays to fully hadronic final states. Together with the increased heavy quark production cross section, the expected gains in event yields per year, compared to 2011, are a factor 10 in channels involving muons in the final state and a factor 20 in channels to fully hadronic final states. In total, the upgraded experiment is expected to collect an integrating luminosity of 50 fb −1 over 10 years of operation. 
